Underwater acoustic orthogonal frequency division multiplexing ͑OFDM͒ enables simple frequency domain equalization, but its performance is often limited by intercarrier interference ͑ICI͒ that is induced by channel variation, in addition to the ambient noise. As the signal itself, the variance of the ICI is frequency dependent as ͑i͒ the transmitter often has a nonideal transmit voltage response ͑TVR͒ and ͑ii͒ underwater acoustic propagation introduces frequency dependent attenuation. In this paper, a simple method to account for the frequency dependent spectrum of the ICI plus noise is proposed. Specifically, the power spectrum of the ICI plus noise is approximated using a low-order polynomial in the log domain, by fitting the measurements on the null subcarriers embedded in each OFDM symbol. Prewhitening is then applied to each OFDM symbol before channel estimation and data demodulation. The proposed method is tested using experimental data collected from the SPACE08 and RACE08 experiments, where signals with and without transmitter precompensation are compared side by side in the former. Impressive performance gains are found whenever the signal is significantly colored. This is the case when either the TVR is not compensated or the transmission distance and bandwidth are large.
I. INTRODUCTION
Underwater acoustic ͑UWA͒ channels are wideband in nature due to the large bandwidth to carrier frequency ratio. Frequency dependency is one unique feature that distinguishes wideband from narrowband channels. Specifically, for underwater acoustic communication systems, the following facts are well known.
• The acoustic transducer has a nonflat transmit voltage response ͑TVR͒, as perfect circuit matching to the amplifier is difficult to achieve across the whole signal band.
• Signal attenuation depends on both the distance and the frequency. [1] [2] [3] In general, high frequency acoustic signals are absorbed more than low frequency signals.
• The spectrum of the ambient noise is not white. [1] [2] [3] While the effect of a nonideal TVR and the frequency dependent attenuation on the signal can be subsumed into a composite channel frequency response, operation in colored noise has rarely been considered in practical receiver designs.
Multicarrier modulation in the form of orthogonal frequency division multiplexing ͑OFDM͒ has been extensively investigated recently. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] One limiting factor for OFDM is intercarrier interference ͑ICI͒ that is caused by Doppler effects. A resampling operation can significantly reduce the level of ICI, 7, 16 but some ICI will be unavoidable, due to the fact that different paths could have different Doppler scaling factors. 17, 18 We, in this paper, consider a block-by-block receiver, 6, 7 which treats the residual ICI on each subcarrier as additive noise. As ICI originates from many neighboring subcarriers, the common approximation as Gaussian noise is often justified; the ICI power will depend on the average signal power of the neighboring subcarriers. Considering this together with the previously stated facts, we can expect that the ICI power will vary significantly across the signal bandwidth due to the colored signal spectrum.
We in this work aim to improve the system performance by accounting for the frequency dependent spectrum of the ICI plus noise. In a block-by-block receiver, the channel frequency response is estimated by inserting known pilot subcarriers at even intervals between the data subcarriers, and then the complete channel frequency response is attained by interpolating across the observations. 6, 7 We propose to apply a similar principle to estimate the ICI plus noise spectrum.
• The block-by-block design includes evenly spaced null subcarriers in every OFDM symbol 6, 7 that can be used to observe the ICI plus noise power.
• The ICI plus noise spectrum is estimated via interpolation techniques; we choose to approximate the spectrum as a low-order polynomial in logarithmic scale.
• The receiver prewhitens the current OFDM symbol before channel estimation and data demodulation.
Note that the prewhitening is accomplished by simple scalar multiplication, as we only have to scale each subcarrier to achieve unit noise power. Also note that commonly used symbol demodulation schemes do not depend on the noise power, so bit error performance without error correcting coding will not be improved. The main achievement here is a statistically more accurate description of the reliability of the observations that is vital to any error correction algorithm.
We test the proposed method using data recorded from the SPACE08 experiment, which was conducted off the coast of Martha's Vineyard, MA, during October 2008 and the RACE08 experiment, held at Narragansett Bay, RI, March 2008.
For the SPACE08 experiment, we conduct side-by-side performance comparisons on two sets of signals, where one signal set applies a digital filter to compensate the nonideal TVR, and the other does not. We also consider various transmission distances ͑at 60, 200, and 1000 m͒ to evaluate the effect of frequency dependent attenuation. We have the following observations for the SPACE08 experiment.
• For a 10 kHz bandwidth, the nonideal TVR decreases about 15 dB between the lower and higher bandwidth edges in a roughly monotonic fashion. If a precompensation filter is applied, the output signal is approximately white.
• At a carrier frequency of 13 kHz and 1000 m transmission distance, we observe a frequency dependent attenuation within the 10 kHz bandwidth of about 8 dB; at the shorter distances, the frequency dependent attenuation is roughly negligible.
• The observed noise plus ICI spectrum largely follows the signal spectrum; this indicates that the receiver operates in an ICI-limited scenario.
• Applying a first-order polynomial ͑a straight line͒ in logarithmic scale to approximate the noise plus ICI spectrum, significant performance improvements can be observed for any uncompensated transmission and compensated transmission at 1000 m distance.
On the contrary in the RACE08 experiment, only small performance improvement can be achieved, even though no TVR precompensation filter is available and we consider significant transmission distances of 400 and 1000 m. We attribute this to the following reasons: ͑i͒ the TVR varies by less than 6 dB across the spectrum, ͑ii͒ the signal bandwidth is only 5 kHz, and ͑iii͒ the level of ICI is lower due to the more sheltered bay environment.
Overall we feel that our experimental findings closely match our reasoning and that our suggested approach of noise whitening will lead to significant performance improvement in case of a significantly nonflat TVR or frequency dependent attenuation in conjunction with a Doppler rich environment, for multicarrier transmission.
The rest of this paper is organized as follows. Section II describes the system model and Sec. III presents the proposed noise whitening method. Performance evaluation is carried out in Secs. IV and V based on experimental data and concluding remarks are collected in Sec. VI.
II. SYSTEM MODEL
When describing the system model, we highlight the frequency dependency at the transmitter, the channel, and the receiver.
A. Transmitter voltage response
We consider zero-padded ͑ZP͒ OFDM. [4] [5] [6] [7] Let T denote the signal duration and T g the zero padding interval, leading to a total OFDM symbol duration of TЈ = T + T g . The subcarriers are located at frequencies
where f c is the center frequency, and K is the total number of subcarriers. The subcarrier spacing is 1 / T and the bandwidth is B = K / T. Define S A and S N as the nonoverlapping sets of active and null subcarriers, respectively, that satisfy S A ഫ S N = ͕−K / 2, ... ,K / 2−1͖. Let s͓k͔ denote the symbol to be transmitted on the kth subcarrier. One OFDM symbol in passband is
where g͑t͒ is the pulse shaping filter. In ZP-OFDM with rectangular pulse shaping, we have
ͮ ͑3͒
Other pulse shaping filters such as raised cosine filters can be considered as well. The Fourier transform of s͑t͒ is
for all positive frequencies f Ͼ 0; we ignore the negative frequency part in our presentation because for any real signal S͑−f͒ = S ‫ء‬ ͑f͒. G͑f͒ is the Fourier transform of g͑t͒. For g͑t͒ in Eq. ͑3͒, we have
The hallmark of OFDM is that the pulse shaping filters are orthogonal at the frequencies f k , i.e., if we evaluate the waveform at frequency f m = f c + m / T, we retrieve symbol s͓m͔,
͑6͒
Define V͑f͒ as the transmitter voltage response ͑TVR͒. V͑f͒ is not a constant due to imperfect circuit matching to the transducer across the whole signal band. In practice, a precompensation filter could be applied to render V͑f͒ to be close to a constant. Due to a nonideal TVR, the signal x͑t͒ emitted from the transmitter has a Fourier transform of
Therefore, frequency dependent attenuation occurs already before the signal enters the water medium.
B. Frequency dependent propagation and noise
First, consider a static UWA channel. One can represent the multipath channel in the time domain as
and in the frequency domain as
where N p is the number of paths, A p is the path amplitude for the pth path, ⌫ p ͑f͒ is the frequency dependent attenuation pattern for the pth path, and ␥ p ͑t͒ is the inverse Fourier transform of ⌫ p ͑f͒. Detailed discussions and illustrations of ⌫ p ͑f͒ and ␥ p ͑t͒ can be found in the literature.
2,3
Given this channel model, at the receiver we will observe the following waveform:
where n͑t͒ stands for the ambient noise, which may have a colored spectrum. In frequency this is simply
which is why OFDM was specifically designed for such linear time-invariant ͑LTI͒ systems, as the orthogonality is not impaired. Evaluating at a frequency f m , we get simply
where N͑f͒ is the Fourier transform of n͑t͒. Now consider a time-varying channel. Within each OFDM symbol, we assume that A p remains constant, and that the delay on the pth path can be approximated by
where a p is the Doppler scale factor on the pth path. 8 The time-varying channel within one OFDM symbol can then be described by
with p ͑t͒ defined in Eq. ͑13͒. Passing through the time-varying channel in Eq. ͑14͒, the received signal in the passband is
The Fourier transform of y͑t͒ is
C. Receiver intercarrier interference
For simplicity, assume that no resampling operation is necessary. The receiver will shift the passband signal to baseband, compensate the Doppler shift by multiplying e −j2⑀t to the baseband signal, and then perform the FFT 19 operation. 6 The FFT output z m at the mth subcarrier is simply
Substituting Eqs. ͑16͒ and ͑7͒ into Eq. ͑17͒, we obtain Eq. ͑18͒. Doppler shift compensation is motivated by simplifying assumptions, including a single dominant Doppler effect a p Ϸ a, and no wideband effect af m Ϸ af c . If these assumptions were correct, a choice of ⑀ = af c would eliminate the ICI. These assumptions are far from correct in UWA OFDM, but using a simple grid search some choices of ⑀ have been shown to still reduce the amount of ICI. 6, 7 Assume that ͑i͒ ⌫ p ͑f͒ is the same for all paths, i.e., ⌫ p ͑f͒ = ⌫͑f͒, ͑ii͒ V͑f͒ and ⌫͑f͒ are smooth, and ͑iii͒ a p Ӷ 1, ⑀ Ӷ f m . We can then approximate z m in Eq. ͑18͒ by the expression in Eq. ͑19͒.
Clearly, the signal power is frequency dependent, and so is the ICI. In fact, the ICI spectrum follows a similar frequency dependency pattern as the desired signal. In short, the ICI plus noise at the FFT output is nonwhite. A receiver that ignores this fact might incur considerable performance loss.
III. THE PROPOSED NOISE-WHITENING APPROACH
The receiver treats both the ICI term and the noise term in Eq. ͑18͒ as the effective additive Gaussian noise. 6, 7 It operates assuming a LTI channel model as in Eq. ͑12͒:
where H m is the frequency response on the mth subcarrier of the composite channel that includes the TVR and the frequency dependent propagation effects, and v m incorporates both the additive noise and the ICI. In previous work, v m was assumed to be white. 6, 7 A fraction of the data symbols s͓k͔, k S P ʚ S A are pilot symbols, which are used to estimate the channel's frequency response H m . Once the channel estimate is available, one-tap data demodulation is done per subcarrier.
Comparing Eq. ͑20͒ with Eq. ͑19͒, we notice that the receiver will simply include effects such as the nonideal TVR or frequency dependent attenuation into the estimated channel's frequency response. Therefore, the receiver will accurately determine the effective signal power on each subcarrier, but the effect on the noise and ICI spectrum is neglected.
A. Estimating the ICI-plus-noise spectrum
In this paper, we propose a simple method to estimate the variance ⌽ vv ͓m͔ = E͕͉v m ͉ 2 ͖ of the ICI-plus-noise across all subcarriers. We assume that the spectrum is generally smooth, and can be approximated by a Qth-order polynomial in the logarithmic scale. Specifically, we assume To estimate the model parameters, we use the measurements on the null subcarriers, which are inserted for each OFDM symbol for Doppler shift compensation. 6, 7 We here propose two methods.
Linear regression in log domain
A simple linear regression ͑LR͒ model in the log domain can be formulated as
This method is of very low complexity. However, fitting in the log domain tends to lead to a negative bias on p 0 ͑i.e., underestimating the noise variance͒, as small values are amplified in the log domain. A simple remedy is to apply some smoothing on the observations ͉z m ͉ 2 before transforming to the log domain.
ML variance estimator
By the central limit theorem, v m can be viewed to have a Gaussian distribution. Hence, ͉v m ͉ 2 is exponentially distributed. The maximum likelihood ͑ML͒ solution for the model parameters can be formulated as
P Q ͑m͒/10 ͬ .
͑24͒
For any larger Q, the complexity of an exhaustive search quickly becomes prohibitive. We only consider the ML approach for the two-dimensional problem, Q = 1. Furthermore to keep the complexity low, a multigrid search can be applied or a final solution can be improved via simple interpolation techniques.
B. Whitening in the frequency domain
Once the variance of the ICI-plus-noise has been estimated, the data can be easily whitened as
Channel estimation and data demodulation can then be performed on z m , where m S A . We would like to point out that the main benefit of this approach is in generating a more accurate statistical description of the observations that can be used to generate soft inputs to an error correcting algorithm, such as the VITERBI algorithm for convolutional codes, 20 the sum-product algorithm for low density parity check ͑LDPC͒ codes, or in our case the min-sum algorithm 21 for LDPC codes.
IV. SPACE08 EXPERIMENT

A. Overview and experiment setup
We now focus on experimental data from the SPACE08 experiment, which was held off the coast of Martha's Vineyard, MA, during October 2008. We will consider three receivers used in the experiment, where receiver S1 was at 60 m from the transmitter, receiver S3 was at 200 m, and receiver S5 was at 1000 m. Each receiver has multiple phones, which can be combined to increase effective signal-to-noise ratio ͑SNR͒. An additional receiver S0 was positioned at 1 m from the transmitter.
To compensate the nonideal TVR of the acoustic transducer used in this experiment, a compensation filter was available. We will first focus on Julian date 292 of the experiment, as for this day both signals using the compensation filter and signals without the filter were transmitted. Also we will focus on linear approximation in the logarithmic domain ͑Q =1͒. 22 Afterward we will consider a larger set of SPACE08 data, where only compensated data were transmitted, and higher order polynomial fitting ͑Q Ͼ 1͒.
The transmission bandwidth is between 8 and 18 kHz. The estimated signal spectrum for both the uncompensated and compensated signals at receiver S0 are shown Fig. 1 , from which we can infer the approximate TVR. Precompensation can reduce the signal power variation across the signal band. However, it leads to a smaller power output in our setting, as the peak-to-average-power control 21 has been applied on the uncompensated signals only; the precompensation filter was not considered during the signal design phase.
B. Julian date 292
Observing the uncompensated approximate TVR, we see that a first-order approximation ͑Q =1͒ will capture the main trend. This is not the case for the compensated signal ͑a first-order approximation will not reflect details as the reduced output power around 16 kHz; see Fig. 1͒ ; we will come back to this later when we consider more general polynomial approximation ͑Q Ͼ 1͒. We will next try to quantify the effects caused by the frequency dependent attenuation due to propagation in the water medium.
To estimate the signal power spectrum, we use the FFT outputs on data and pilot subcarriers and evaluate E͓͉z m ͉ 2 ͔, m S A , where the expectation is carried out by averaging over a large number of received OFDM symbols ͑a few hundreds͒. We evaluate this average using received data spread over the day in the hope that due to time variation the channel effects can be averaged out, and hence the systematic effects such as the nonideal TVR and frequency dependent attenuation can be seen. Figure 2 plots the estimated signal spectrum after varying transmission distances. It is immediately obvious that the signal attenuates with increasing distance, but the frequency . 2 . ͑Color online͒ Experimentally measured signal spectrum at three receivers, Julian date 292. ͑a͒ S1 ͑60 m͒, ͑b͒ S3 ͑200 m͒, and ͑c͒ S5 ͑1000 m͒.
dependence at short distances is mainly caused by the TVR. At receivers S1 and S3, we notice that the compensated signal is approximately white, varying by at most 10 dB across the spectrum. In sharp contrast the uncompensated signal varies by easily 20 dB. The difference matches our estimate of the nonideal TVR in Fig. 1 . The uncompensated signal has always higher signal power, especially at the lower end of the signal bandwidth. For the receiver S5, at a distance of 1000 m, the spectrum of the compensated and uncompensated signals have similar overall shapes, which we attribute to the frequency dependent attenuation.
We would like to point out that using empirical formulas, 2,3 the frequency dependent signal absorption is typically assumed to be less than 3 dB at the considered 10 kHz bandwidth and 1 km distance. Our observations for this particular shallow water experiment lead to a frequency dependent attenuation of about 8 dB across the frequency band, which does not agree very well to the empirical formulas.
Estimates of noise spectrum
We estimate the ICI-plus-noise spectrum using the proposed linear regression and ML approaches on Julian date 292. An example plot is shown in Fig. 3 , where for the twodimensional problem the ML approach can be easily afforded. Comparing to Fig. 2͑c͒ , we notice that the noise spectrum closely follows the signal spectrum, indicating that the effective noise level is largely caused by the ICI. Comparing the simple linear regression with the ML estimates in Fig. 3 , we find that the linear regression shows approximately a Ϫ3 dB bias as predicted. However, the estimates of the slope closely match the ML estimate
To have a systematic comparison, we focus on the slope parameter p 1 . We plot histograms for both the compensated and uncompensated signals in Fig. 4 , sorted by transmitterreceiver distance. We observe that the compensated signals at the two closer receivers S1 and S3 have an average slope of p 1 = 0, while the uncompensated signals have a significant slope leading to a total difference between the bandwidth edges of Kp 1 Ϸ 12 dB. Although the ambient noise should be the same for either signal, the ICI will follow the signal spectrum-in case of the uncompensated signal leading to a significantly colored noise plus ICI spectrum. This again points toward the fact that at a close distance from the transmitter, the ICI is dominating the ambient noise. At receiver S5, both signal spectra are increasingly affected by the frequency dependent attenuation, leading to a colored ICI spectrum. Still, the slope of the uncompensated signals is always about 6 dB more pronounced than that of the compensated signals.
BLER performance
We look at receiver performance in terms of block-error rate ͑BLER͒. Each OFDM symbol K = 1024 subcarriers, consisting of ͉S N ͉ = 96 null subcarriers and ͉S P ͉ = 256 pilot sub- carriers, leaving ͉S A ͉ − ͉S P ͉ = 672 for data transmission. We consider 16-point quadrature amplitude modulation ͑QAM͒ and a rate 1/2 nonbinary LDPC code. 21 The symbol duration is T = 104.86 ms, the guard time is T g = 24.6 ms, leading to a bandwidth of B = K / T = 9.77 kHz. This leads to the following spectral efficiency and data rate: Two types of channel estimators are used: least squares 6 ͑LS͒ and basis pursuit 8 ͑BP͒. It is important to note that the min-sum channel decoder used for nonbinary LDPC codes 21 does not require a noise variance estimate. Although the linear regression method in Eq. ͑23͒ does not give a reliable estimate on the absolute noise level p 0 , it leads to the same BLER performance as the ML method in Eq. ͑24͒, as both can estimate the slope p 1 well and prewhiten the signals in the same fashion; different scalings on the signals do not affect the decoding performance.
The BLER results are plotted in Fig. 5 . We notice that at receivers S1 and S3-for the compensated signal-the performance assuming white noise is basically identical to that using the ML noise estimates. This is in sharp contrast to the uncompensated signal, which suffers significant performance degradation when not accounting for the colored noise.
At the farthest receiver, S5, both signals show improved performance when using the colored noise model. This matches the observation that also the compensated signal has significant noise variation at S5 ͓see Fig. 4͑c͔͒ . Furthermore, the uncompensated signals outperform the compensated signals significantly after addressing the colored noise correctly, due to higher transmit power.
C. Compensated transmission and higher order fitting
Following the logic of the previous discussion, the impact of noise whitening depends on the TVR shape of the acoustic transducer and the frequency dependent attenuation that increases with distance. Therefore at the farthest receiver S5 ͑1000 m͒, the effect should have been clearly visible, also for the compensated signals. Since the performance was weak overall at receiver S5 on Julian date 292, we now consider other days of the experiment, although only compensated signals were transmitted. In Fig. 6 we show performance results for compensated signals on Julian dates 295 and 297, which have quite different environmental conditions compared to Julian date 292. While previously the performance at receiver S5 was always the worst, in these data sets this receiver has quite reasonable performance. This allows us to observe significant performance improvement when applying noise whitening. Matching our previous discussion, the performance at the shorter distances ͑S1 and S3͒ is largely unaffected by the noise whitening.
We next consider more general polynomial fitting of the noise ͑Q Ͼ 1͒. Considering Fig. 1 , we notice that the compensated signal is not exactly white, showing a drop of over 6 dB around 16 kHz. Also the performance with whitening based on linear approximation in the logarithmic domain ͑Q =1͒ was sometimes worse than without noise whitening at receiver S1 ͑particularly on Julian dates 292 and 297͒. We therefore apply a polynomial approximation of order Q =5, see Fig. 7 . Although the improvement is small, using a fifth order polynomial, the performance with whitening is never worse than without whitening. This is also true for receivers S3 and S5, but in these cases the simple straight-line approximation ͑Q =1͒ delivers often the best performance. Generally it is not obvious which order polynomial will deliver the best performance and no clear trend could be observed. Nonetheless, for significantly colored signals, any polynomial fitting ͑Q Ͻ 8͒ outperforms a receiver without prewhitening.
V. RACE08 EXPERIMENT
We now briefly discuss some results of the RACE08 experiment, where no compensation filter for the TVR was supplied. The RACE08 experiment was held in the Narragansett Bay, RI, March 2008. The water depth in the area ranges from 9 to about 14 m. The primary source of an ITC1007 transducer for acoustic transmissions was located approximately 4 m above the bottom. We consider two of the receive arrays, S3 and S6, which were deployed at 400 and 1000 m from the transmitter, respectively.
The OFDM parameters are similar to the SPACE08 experiment, but the bandwidth is reduced to half B = 4.88 kHz, which leads to a doubling of the symbol duration T = 209.72 ms. The guard interval is 25 ms; assuming 64-QAM this leads to a spectral efficiency and data rate of 
͑29͒
We include example plots in Fig. 8 . The TVR shape seems nonmonotonic, probably caused by the circuits being matched to the center frequency. In any case, this makes first-order polynomials ineffective. We therefore resort to fourth-order polynomials to approximate the noise PSD. The coefficients were determined via linear regression in the log domain, as exhaustive search for the ML solution now entails high complexity.
Although the shape of the TVR is somewhat more complex, the total variation is only about 6 dB-significantly less than in the SPACE08 experiment. Also the frequency dependent attenuation is less pronounced, as at the same distance, the total bandwidth ͑and therefore variation͒ is only half of that in the SPACE08 experiment.
The BLER performance is shown in Fig. 9 , where we focus only on 64-QAM, as in the bay area the overall performance was usually better compared to the SPACE08 experiment. Although some improvement can be observed, the level is significantly less than in the SPACE08 experiment.
VI. CONCLUSION
We proposed a simple method to prewhiten the residual ICI plus the ambient noise for a block-by-block OFDM receiver, where the noise spectrum is estimated based on observations on the null subcarriers. Based on experimental data, we found the following.
• The signal spectrum can be significantly colored due to nonideal transmit amplifier and/or frequency dependent attenuation that increases with distance and signal bandwidth.
• OFDM receivers often operate in an ICI-limited environment due to the significant Doppler effects; the noise plus ICI spectrum will then largely follow the signal spectrum as it is dominated by ICI. • Significant performance gains can be realized by applying simple prewhitening before channel estimation and data modulation, where the noise plus ICI spectrum is estimated using interpolation based on a low-order polynomial approximation in logarithmic domain. In future work, we would like to investigate the noise whitening effect on OFDM receivers that explicitly deal with ICI, e.g., those reported recently in Refs. 8, 9, and 15.
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